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Abstract 
 
Crop models need accurate simulation of leaf canopy development. The thermal 
interval for leaf tip appearance (phyllochron) is critical for predicting the duration of 
vegetative development.   The phyllochron in maize is shorter in temperate than in 
tropical and subtropical environments. As existing data has been evaluated in a 
narrow range of environments, the underlying mechanisms that affect phyllochron 
have not been adequately examined. The objectives of this study were to quantify the 
response of phyllochron to environmental variables and determine its stability across 
maize cultivars, to aid modelers in developing tools which accurately predict 
phenology.  Maize was grown in field experiments at Wageningen, The Netherlands, 
Temple, Texas, USA, and three sites in Mexico, and in controlled environments at 
Wageningen. The experiment at Temple included grain sorghum and shading 
treatments to alter irradiance of the crop. Detailed data on leaf production and 
environmental conditions were collected. These data were combined with published 
data from field studies. Maize phyllochron acclimated to temperature and increased as 
mean daily temperature before tassel initiation increased from 12.5 to 25.5 oC, and 
increased in maize and sorghum in response to low irradiance. Temperature was the 
dominant influence, with phyllochron increasing by 1.7 oCd per oC increase in daily 
mean temperature, as daily mean temperature before tassel initiation increased from 
12.5 to 25.5 oC, and declined or remained constant when mean daily temperature 
before tassel initiation exceeded 25.5 oC.  Only small differences in phyllochron 
occurred among cultivars. Phyllochron increased by 2 to 4 oCd  per MJ 
photosynthetically active radiation (PAR) as irradiance decreased from 9.6 to 1.1 MJ 
PAR m-2 d-1.  
 
Key words: acclimation, irradiance, leaf appearance, maize, modelling, phyllochron, 
sorghum, Sorghum bicolor, temperature, Zea mays 
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Introduction 
 
Crops develop and produce leaf canopies differently in cool temperate areas than in 
the tropics and subtropics.  Phyllochron (thermal interval between the appearance of 
successive leaf tips) of maize in The Netherlands was lower (Struik 1983a,b, Hussen 
1995) than in warmer temperate environments (Kiniry and Bonhomme 1991) and 
tropical and sub-tropical environments (Singh 1985, Bonhomme et al., 1991, Carberry 
and Abrecht 1991,  Kiniry and Bonhomme 1991, Birch et al. 1998a). The phyllochron 
(oCd leaf-1) is fairly stable at a location while differing greatly among tropical, warm 
temperate and cool temperate latitudinal zones. Typically, a maize phyllochron is  
30% greater in tropical than in temperate areas (Kiniry and Bonhomme 1991). These 
authors showed that the phyllochron was lower when mean minimum temperature of 
the four coolest nights in 30 days after emergence was less than about 8 oC than when 
above 12 oC. However, the relationship was not sufficiently robust for use in 
modelling. 
 
Accurate information on phyllochron is needed to predict crop development from leaf 
number. Models can use leaf number and a constant phyllochron  to predict time of 
flowering as in CERES-Maize (Jones and Kiniry 1986), AUSIM-Maize (Carberry and 
Abrecht 1991), and modified models derived from them (Keating et al. 1991, Birch 
1996). CORNF  (Stapper and Arkin 1980) uses a similar approach, but with the 
appearance of ligules rather than leaf tips, while Muchow et al. (1990) use an 
exponential relationship that produces declining phyllochron as plants age. Sorghum 
models use a constant phyllochron (Rosenthal et al. 1989, Birch et al. 1990). 
 
Environmental modification of phyllochron causes errors in prediction by models that 
use a constant phyllochron, and could explain some of the errors in predicting silking 
date reported by Kiniry and Bonhomme (1991) and Birch et al. (1998a). AUSIM - 
Maize and the modified form proposed by Birch (1996)  predicted silking too late 
with the data of Struik (1983 a, b), due to the high phyllochron used. Birch (1996) 
reported that the predicted silking date was sensitive to the value of phyllochron, 
further emphasising the need for accuracy in this parameter.  Phyllochron varied with 
radiation intensity at controlled temperature (Gmelig-Meyling 1973, Struik 1983c). 
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Small variations in phyllochron with photoperiod have been reported (Warrington and 
Kanemasu 1983, Gmelig-Meyling 1973, Coligado and Brown, 1975), though no 
differences were found by Birch (1996). 
 
Genotypic differences might contribute to differences in phyllochron among sub-
tropical,  tropical, and temperate environments. Genotypic variation was small or non-
existent for maize planted on the same date (Bonhomme et al. 1991, Birch et al. 
1998a), but may be larger at high temperatures (Ellis et al. 1992). Birch et al. (1998a) 
found no differences in phyllochron among temperate and tropically-adapted maize 
hybrids grown at Gatton, southeastern Queensland, Australia. Similarly, Bonhomme 
et al. (1991) found only minor differences in phyllochron among such genotypes at 
Guadeloupe. Thus, differences in adaptation of genotypes did not explain the large 
differences in phyllochron observed across environments. 
 
Until factors controlling phyllochron have been identified, crop models need a 
method of  adjusting phyllochron according to environmental conditions. The use of 
locality- specific values inherent in the models listed earlier is inappropriate, as it 
requires model calibration for each location. 
 
One possible approach to predicting phyllochron is a photothermal coefficient, based 
on the concept that leaf production depends on assimilate supply (which depends on 
irradiance), and assimilate consumption (which depends on temperature, expressed as 
thermal time).  Such an approach was proposed for rice (Nix 1976) and pearl millet 
(Ong and Squire 1984).  
 
Another option is the acclimation hypothesis proposed for barley and wheat by  Kirby 
(1995). This hypothesis argues that rate of leaf appearance throughout development of 
wheat and barley depended on the temperature conditions soon after emergence. 
Plants grown under cool temperatures early produced leaves more quickly per day 
and per degree day than plants grown at warmer temperatures. More recently, 
Ntiamoah and Brule-Babel (1997) have reported longer wheat phyllochron in warm 
conditions. Such acclimation in maize has not been described. 
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Thus, two issues important for understanding and predicting phyllochron are the 
potential use of a photothermal quotient, and the influence of low temperature 
acclimation.  Consequently a series of controlled environment and field studies were 
done in The Netherlands and Texas, USA, comparing the results with data from 
previous studies over diverse environments. 
 
The objectives were to (i) present original data on the effect of temperature, genotype 
and irradiance on phyllochron of maize grown in controlled environments and the 
field at Wageningen, The Netherlands, Temple, Texas, USA, and three sites in 
Mexico (ii) use the data from these experiments and data from literature sources to 
test the hypotheses that: 
(a) phyllochron is determined by the ratio of daily photosynthetically active 
radiation and daily thermal time; 
(b) phyllochron is constant across genotypes within environments; and 
(c) phyllochron is related to mean daily temperature during early plant growth 
(acclimation hypothesis of Kirby 1995). 
 
Information of the effect of irradiance on phyllochron in grain sorghum was gathered 
at the Texas site. 
 
Materials and Methods 
 
Field experiment, 1997, Wageningen 
 
The experiment was located at Wageningen Agricultural University, Latitude 51o 
58'N, Longitude 5o 40'E. Three cultivars of maize, viz. LG22.42 (producer Limagrain, 
maturity rating 6, the latest maturity of the three, Anonymous 1997), LG11 
(Limagrain, maturity rating 7.5, Anonymous 1997) and Lincoln (Van der Have,  
maturity rating 9, Anonymous 1997) were planted on 18 April, 6 May, 23 May, 3 
June and 24 June 1997 in a split-plot design. Sowing dates were the main plots and 
cultivars sub-plots, in three replicates. Sub-plots were 9m x 3 m, with 4 rows 0.75 m 
apart. A fourth cultivar, Hycorn 42, of Australian origin was added on 3 and 24 June 
1997, to extend the range of adaptation of cultivars. Fertilisers and water were applied 
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at rates to ensure non-limiting conditions of nutrient and water supply during crop 
growth. Pests were rigorously controlled. Phosphorus and potassium was applied 
before sowing. Nitrogen was applied at 30 kg ha-1 before sowing and 100 kg ha-1 as 
calcium ammonium nitrate 3 and 6 weeks after emergence. Plant population was 10 
m-2.  Maximum and minimum temperatures 1.50 m above ground and 0.05 m below 
ground, and total solar radiation were recorded nearby at the Wageningen 
Agricultural University Meteorological Station. 
 
The fifth and tenth leaves were tagged on five randomly selected plants in each sub-
plot. Total leaf number (leaf tips visible above the whorl) was recorded regularly from 
immediately after emergence to completion of leaf production. The rate of leaf tip 
appearance (leaves (oCd)-1), using base, optimum and maximum air temperatures of 8, 
34 and 40 oC (Birch et al. 1998a, b)), was calculated by regressing total leaf number  
on thermal time from emergence. Phyllochron  (oCd leaf -1) is the reciprocal of leaf 
appearance rate. 
 
Shading experiment, 1997, Texas 
 
Two cultivars of maize (De Kalb 656, a full season hybrid adapted to Texas,  and 
Pioneer C41, a short season cultivar) and one of grain sorghum cultivar (De Kalb DK 
37, adapted to Texas)  were planted on 9 September 1997 at United States Department 
of Agriculture, Grassland, Soil and Water Research Laboratory at Temple (latitude 
31o 6'N, longitude 97o 20'W) in three replicates.  They were grown in sub-plots in a 
split-plot design, the main plots being three irradiance treatments, full sun, shade from 
two grades of woven black shade cloth, which transmitted 45% and 27% of incident 
solar radiation. The shade tunnels were 3 m long, 3 m wide and 1.5 m high, 
constructed with a polyethylene pipe frame. The shade cloth extended to the ground 
on the sides of the tunnel to prevent sunlight entering at low solar angle. The tunnels 
were oriented in a North - South direction, and the southern end was shaded to 
prevent direct sunlight entering the tunnel. The tunnels were installed before seedling 
emergence. 
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Maize and sorghum were planted in single rows in each shade tunnel, and thinned to 1 
plant per 0.2 m of row at the 5 leaf stage.  Non-limiting conditions of water and 
nutrient supply were maintained throughout the experiment.  
 
Five plants from the centre of the rows were tagged and used for data collection, these 
plants being free of any atypical shading conditions at any time during the day. Total 
number of leaves on tagged plants was counted at one or two day intervals. Leaf 
numbers were recorded until 13  October 1997. Final leaf number was counted on 5  
November 1997 on one maize cultivar (Pioneer C41) and the grain sorghum, but not 
on maize cultivar De Kalb 656, as it had not completed leaf production. Temperature 
inside and outside the tunnels was measured continuously by thermocouples at 0.05 m 
and 0.40 m above the ground surface from 30 September to 6 October 1997, and 
recorded at 20 minute intervals on a data logger (Campbell 21x, Campbell Scientific, 
Logan, Utah). Irradiance was measured in each treatment by a PAR Ceptometer 
(Decagon Devices, Pullman, Washington, USA) over an 8 hour period on a sunny day 
to assess the proportion of incident radiation transmitted to the crop canopy in each 
treatment. Phyllochron was determined as in the Wageningen - 1997 experiment. 
 
Experiments in Mexico, 1995 and 1996 
 
Five maize cultivars adapted to the lowland tropics were grown in  several 
experiments. These were Pool 16 C20 (early maturity, white dent), PR 8330 (white 
flint), Across 8328 BN C6 (late maturity, yellow), La Posta Sequia C4 (late white 
dent) and CML247 x CML254 (late maturity white dent). Of these, CML247 x CML 
254 is a hybrid, the remainder are open pollinated cultivars.  An early semi-dent white 
tropical highland hybrid, CML246 x CML242, was added to one experiment, at El 
Batan. The experiments were conducted at International Maize and Wheat 
Improvement Centre (CIMMYT)  tropical experiment stations near Poza Rica (near 
the Gulf of Mexico, altitude 60m, latitude 20o32'N, longitude 97o26'W), Tlatlizapán 
(in the central mountains of Mexico altitude 940 m, latitude 18o41'N, longitude 
99o08'W) and El Batán (in the highlands near Mexico City (altitude 2249 m, latitude 
19o31'N longitude 98o50'W)). Crops were grown under various conditions of nitrogen 
and water during the rainy summer season of 1995 and the dry winter season of 1996 
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at Poza Rica and Tlatlizapan, and during the wet summer season of 1996 at El Batan. 
Only those grown with 150 to 225 kg N ha-1 applied  nitrogen (medium availability  at 
Poza Rica in 1995 (Elings  et al. 1997) or high availability, other sites)  and non-
limiting water supply are used in this paper.  
 
Three replications in randomized complete blocks, with eight-row plots 10.5 m long, 
with row spacing 0.75 m, and plant spacing within rows 0.25 m, were used. Ten well-
bordered plants were marked soon after emergence, and their fifth and tenth leaves 
were marked. Total leaf number was determined  at intervals of about two weeks. Air 
and soil temperature was recorded every 5 min at each site. Phyllochron was 
determined as in the Wageningen - 1997 experiment. 
 
Irradiance, temperature and shading experiments 1993 and 1994,  Wageningen 
 
An experiment with four temperature regimes (day/night: 13/8, 18/13, 23/18 and 
28/23 oC, with half hour changeover from day to night and night to day temperatures), 
and three levels of irradiance (1.03, 2.33 and 3.03 MJ PAR m-2 d-1) was conducted in 
four controlled environment rooms at Wageningen Agricultural University. Each 
temperature treatment was allocated to a controlled environment room, which was 
divided into three compartments by white curtains, each compartment having 
differing  irradiance. The light was supplied by an equal number per compartment (2, 
4 or 6 of each) metal halide (Philips HPI 400W) and high pressure sodium (Philips 
AGROSON 400W) lamps, according to treatment. Maize (cultivar Luna) was grown 
in pots (1 plant per pot, 30 pots per compartment, compartment size 3.2m (L) x 1.5 
(W), resulting in an initial population of 19 m-2. The pots were re-randomised 
regularly to minimise the effects of any variation in conditions in the compartment. 
The number of leaf tips was regularly determined on 6 plants in each treatment until 
all leaves had appeared. Other sampling, not reported here, resulted in declining plant 
population over the course of the experiment, producing a final plant population of 
3.9 m-2. At all times, plant arrangement was maintained such that inter-plant 
competition was negligible ie. the plants were independent of one-another.  
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Two shading experiments were conducted in 1993 and 1994. Maize (cultivar Luna) 
was planted at Wageningen Agricultural University, at 4 plant populations (4.5, 7.7, 
31 and 123 plants per m-2, in full sun and 50% light transmission.  Only the results for 
4.5 and 7.7 plants m-2 are used in this paper, as these are close to the plant populations 
commonly used for maize production. Counts of the number of leaves that had 
appeared were made 16, 30, 43 and 53 days after emergence in 1993 and 24, 35 and 
55 days after emergence in 1994. Phyllochron was determined as in the Wageningen - 
1997 experiment. Meteorological conditions affecting the field experiments were 
recorded nearby at the Wageningen Agricultural University Meteorological Station. 
Non-limiting conditions of nutrient and water supply were maintained for the duration 
of the controlled environment and field experiments. 
 
Phyllochron measured in other environments 
 
Data on total leaf number of maize grown under controlled environment or field 
conditions in the cool temperate environment of The Netherlands and sub - tropical 
Australia were collated. The phyllochron in field experiments with moderate plant 
populations (5 plants m-2)  at Guadelope was estimated from observed thermal time 
from emergence to silking and total leaf number by assuming that the final leaf tip 
appeared 110 oCd before silking, as had occurred in experiments grown at comparable 
mean temperatures (Birch 1996).  Data sources and experimental conditions are 
summarised in Table 1, together with the phyllochrons for these experiments. In all 
the data used,  crops were grown under non-limiting nutrients and water supply, and 
pests were rigorously controlled. Data on maximum and minimum temperature and 
solar radiation were available for these experiments.  
 
Relationship between phyllochron and  temperature conditions shortly after 
emergence 
 
Phyllochron for all data sets in Table 1 and the data from the present trials at 
Wageningen and Temple, were plotted against the daily mean temperature for the 
early part of crop life,  for field trials grown under natural solar irradiance, and for 
trials in which irradiance varied in controlled environment or shading trials.  Early 
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crop life was defined as emergence to tassel initiation, or for those data sets in which 
tassel initiation was not available, emergence to 200 oC d after emergence. The limit 
of 200 oCd was chosen as it is unlikely that tassel initiation would have occurred 
before this sum was attained in any of the experiments used here. The limit coincides 
to the presence of 6 to 8 leaves in those trials for which sufficiently detailed data is 
available (Birch 1996, and the Wageningen and Temple trials reported here). Tassel 
initiation occurred in Lincoln at Wageningen in 1997 when 6 or 7 leaves were 
present, and when more leaves were present in all other cultivars and in all other 
experiments where data on tassel initiation was available. Consequently, the use of 
200 oCd as the limit meant that the development stage of all plants was similar.  
 
Phyllochron in field experiments was regressed on mean temperature (up to 25.5 oC) 
for the early part of crop life with the exception of outliers Poza Rica  (winter season 
1996) and the very late (29 th March 1994) sowing at Gatton, Queensland, of Birch 
(1996), which were excluded.  Data for temperatures above 25.5 oC were not included 
in the regression as there were few points and wide scatter in the data. 
 
Relationship between phyllochron and  a photothermal coefficient 
 
Numerous linear and curvilinear relationships between phyllochron, and a 
photothermal coefficient (PTC), the ratio of mean daily photosynthetically active 
radiation (PAR, MJ m-2 d-1) and mean daily thermal time (base 8 oC) were examined. 
A subset of the available data from controlled environment and field experiments 
from temperate areas only, tropical and sub-tropical areas only, or a combination of 
both, was used to derive possible equations, and remaining data used as independent 
data to assess performance of the derived equations as predictive tools. For example, a 
subset of the available data was used to derive a curvilinear relationship of the form: 
 
   Phyllochron = a + b*(1-ec*PTC)    (1) 
 
where a,  b and c were fitted constants.  Non-linear estimation (NONLIN procedure) 
in SYSTAT (Wilkinson 1990) was used for this purpose.  
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The performance of derived equations as predictive tools was assessed by regressing 
predicted on observed phyllochron for independent data, and root mean square 
deviation (RMSD), using the appropriate procedures in SYSTAT.   
 
Modification of phyllochron by PAR 
 
Phyllochron was regressed on daily mean PAR at constant mean temperature, for 
those data sets where the independent effects of temperature and PAR were 
determined in controlled environments and in shading trials in the field where daily 
thermal time was similar across treatments (the present irradiance study and shading 
trials at Wageningen, 1993 and 1994, shading trial at Temple, 1997).  
 
Phyllochron was regressed on (a) mean daily temperature and mean daily PAR for the 
early part of crop life, and from emergence to appearance of the flag leaf, and (b) 
daily thermal time (TTav) and mean daily PAR for the early part of crop life, and from 
emergence to appearance of the flag leaf in the field (shading) experiments at 
Wageningen and Temple. The regressions were then repeated after addition of 
controlled environment data reported in this paper. 
 
The regressions were assessed as predictors of phyllochron using remaining field 
trials as independent data, by regression of predicted on observed phyllochron and 
RMSD. 
 
Results 
 
In the present experiment at Wageningen, phyllochron differed only slightly among 
Lincoln, LG11, LG 22.42 and Hycorn 42 within sowing dates (Table 2). However, 
there were usually slightly lower phyllochrons between emergence and 200 oCd after 
emergence, than from 200 oCd after emergence until the appearance of the tip of the 
flag leaf in the sowings on 18 April and 6 May (Table 2). This effect was not present 
in the other three sowings, and could not be accounted for satisfactorily by using soil 
rather than air temperatures to calculate thermal time.  
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At Temple, shading increased the phyllochron in maize and grain sorghum usually 
had the greatest phyllochron (Table 3).  There was no difference among treatments in 
leaf number in individual samplings until five leaves had appeared (Figure 1). 
Subsequently, there were consistently more leaves in the full sun treatment of maize 
and sorghum than in the shade treatments (P < 0.05), which differed significantly. 
There was no interaction of crop and shading intensity. Irradiance in the shade 
treatments was 45% (4.3 MJ m-2 d-1) and 27% (2.6 MJ m-2d-1) of that in full sun 
(average 9.6 MJ m-2d-1). There was negligible difference in daily mean, maximum or 
minimum temperatures among treatments. Final leaf number was similar in the three 
treatments in maize (Pioneer C41, 15 leaves) and sorghum (De Kalb E37, 15 leaves).  
The high intensity shade, which reduced mean daily irradiance from 9.6 to 2.6 MJ m-2 
d-1,  had the greatest reduction in leaf number in both maize and grain sorghum  
(Figures 1a, b, c). The apparently slower production of leaves early in the growth of 
De Kalb 656 in all treatments (Figure 1b) was due to slow seedling emergence. 
 
In Mexico, the phyllochron varied somewhat among cultivars, but within sites and 
sowings, the variation was relatively small (Table 4). The site with the lowest mean 
phyllochron was El Batan (37 oCd leaf -1), that with the longest was Poza Rica in 1996 
(51 oCd leaf -1), the remaining three (Poza Rica 1995 (45 oCd leaf -1) and Tlatlizapan, 
1995 (46 oCd leaf -1 ) and 1996 (41 oCd leaf -1)) being intermediate. 
 
In the irradiance and temperature experiment at Wageningen, the predominant effect 
was of temperature - higher temperatures leading to longer phyllochron. Phyllochron 
was also affected by irradiance, with higher irradiance leading to reduced phyllochron 
(Figure 2a).  For example, in the controlled environment experiment, at a mean 
temperature of 15.5 oC, 3.03 MJ PAR m-2 the phyllochron was shorter than at lower 
light intensities. The effect was similar at mean temperatures of 10.5 (for the 2.03 and 
3.03 MJ PAR m-2 only, as no reliable data could be obtained from the 1.1 MJ PAR m-2 
treatment), 15.5, 20.5  and 25.5 oC. Shading increased phyllochron under  field 
conditions at Wageningen in 1993 and 1994 (Figure 2a). 
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Relationship of phyllochron to temperature conditions shortly after emergence 
 
The mean temperature for the early part of crop life explained much of the variation 
in phyllochron for field experiments without shading (Figure 2b) and for the 
controlled environment experiment combined with field experiments with shading at 
Wageningen and Temple (Figure 2a). In both sets of data, the regression explained 
much of the variation, but had a higher intercept and lower slope in Figure 2a.  
 
At higher temperatures, phyllochron appeared to decline, except in those treatments, 
where irradiance was  low in controlled environments, or reduced by shading at 
Wageningen and Temple. 
 
Modification of phyllochron by mean daily PAR and temperature. 
 
Regression of phyllochron on daily mean PAR, for the controlled environment data in 
which temperature was controlled,  showed phyllochron declined by 2 to 4 oCd leaf -1 
for each MJ of increase in daily PAR from 1.14 to 3.30 MJ m-2 d-1 (r2 > 0.85).  For the 
Temple experiment, the reduction in phyllochron (2.9 oCd per MJ increase in PAR 
from 2.6 to 9.6 MJ m-2 d-1, r2 = 0.96) was similar to that in the controlled 
environments. A similar reduction in phyllochron occurred for grain sorghum in the 
shading  experiment at Temple. 
 
Significant regressions of phyllochron (oCd leaf-1) on (a) mean temperature for the 
early part of crop life and mean daily PAR during leaf production and (b) mean daily 
thermal time (TTav) and mean daily PAR during leaf production were developed from 
the shading trials at Wageningen and Temple. These were: 
 
For (a): 
 
Phyllochron = 20.9+ 1.42*T200 - 1.99*PAR (r2 = 0.92, n = 7)  (2) 
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and for (b): 
 
 Phyllochron =  28.2+ 1.8*TTav - 2.03*PAR (r2  = 0.94, n = 7) (3). 
 
When applied to independent data, these regressions did not produce satisfactory 
fitted values.  Numerous other regressions of phyllochron on combinations of 
temperature (or thermal time) and PAR (for part or all of the duration of leaf 
production)  were investigated. When tested on independent data, these too provided 
unsatisfactory fitted values.  
 
Relationship between phyllochron and photothermal coefficient. 
 
The equation with the highest coefficient of determination when relating phyllochron  
to photothermal coefficient (PTC) was derived from the controlled environment and 
shading experiments at Wageningen, and the data of Hussen (1995). The fitted 
equation was: 
 
Phyllochron (oCd leaf-1) = 55.5 - 32.0*(1-e-5.1*PTC) (r2 = 0.84, n =12)    (4) 
 
Application of Equation (4) to independent data from field experiments produced 
poor predictions when assessed by regression and RMSD. There was consistent 
underprediction of phyllochron, increasingly so as phyllochron increased in the more 
tropical (higher temperature) experiments.  Using a larger sub-set of data to derive the 
equation failed to improve predictions in independent data. Similarly, none of the 
other numerous linear or curvilinear options we evaluated provided acceptable 
predictions in independent data. In all cases, combining of data from temperate and 
tropical locations resulted in derived equations with lower coefficients of 
determination and worse predictions than when data from temperate and tropical 
regions were kept separate. 
 
 
 
 
 15
Discussion 
 
It is clear that use of single values for phyllochron for all cultivars and all 
environments is unrealistic. Differences in phyllochron have been related to 
environmental conditions across locations, from cool temperate to tropical, and small 
differences were found among cultivars. The dominant environmental influence was 
mean temperature during a relatively short interval after emergence.   
 
We found little variation (generally less than 10% of the mean) in phyllochron among 
the cultivars used in our experiments, or in the additional data sets, despite a wide 
variation in the genetic background of the cultivars studied. When cultivars were used 
in areas well outside those for which they were selected e.g. the European cultivar 
LG11 used in a tropical environment at Guadeloupe (Bonhomme et al. 1991), the 
Australian cultivar Hycorn 42 used in The Netherlands (this study), the phyllochrons 
in these cultivars differed little from the locally adapted cultivars when grown within 
a particular environment. Small differences in leaf appearance rate (less than 10% of 
the mean), hence phyllochron, among genotypes have been reported for crops grown 
under controlled conditions (Tollenaar et al. 1982). However, no difference between 
phyllochron for two cultivars was reported from controlled environment studies by 
Hesketh and Warrington (1989).  Though variation in phyllochron was small among 
maize cultivars used in this study, and similar to that in controlled environments (0 to 
10 % of the mean) greater variation among cultivars with an even wider diversity of 
genetic background may exist, as for other aspects of canopy development (Cross 
1991, Robertson 1994). 
 
Our function relating phyllochron (for leaves that appeared after tassel initiation) to 
mean daily temperature from emergence to tassel initiation shows a similar response 
to that found by Kirby (1995) for wheat and barley. We have used the mean 
temperature prior to a specific phenological event (tassel initiation) as the criterion, 
rather than for a nominated thermal interval (200 oCd, base temperature for wheat and 
barley = 0oC) from emergence used by Kirby (1995). In calculating thermal time, and 
thus phyllochron, we used the widely accepted base temperature of 8 oC in both 
maize and sorghum, despite reports of base temperatures ranging from 6 to 10 oC (e. 
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g. Warrington and Kanemasu 1983, Hesketh and Warrington 1989, Stewart et al. 
1998). Use of a lower or higher base temperature from the range of 6 to 10 oC did not 
change the form of the relationship reported in this study, so we retained the base 
temperature of 8 oC for all experiments.  
 
The relationship between phyllochron and mean temperature from emergence to 
tassel initiation, derived from field data only, explained 76% of the variation in 
phyllochron for mean temperatures from 12 to 25.5 oC.  In the field data for mean 
temperatures above 25.5 oC, phyllochron tended to decline, in contrast to the trend 
reported in controlled environment studies by Hesketh and Warrington (1989) and 
Tollenaar et al. (1982). For example, phyllochron did not vary much across the range 
of daily mean temperatures from 13.5 to 30.5 oC (with constant radiation of 6.7 MJ m-
2 d-1 for 12 hr d-1) (Hesketh and Warrington 1989). Also, they used a different 
definition of leaf tip appearance (tip reached 0.1 m) than ours (tip visible above the 
whorl), but it is unlikely that this is an adequate explanation of the difference in 
findings. Tollenaar et al. (1982) provided data showing phyllochron of 36 to 41 oCd 
leaf -1 for constant temperatures ranging from 15 to 35 oC (with irradiance of 5.3 MJ 
PAR m-2 d -1). By contrast, data in Thiagarajah and Hunt (1982) show phyllochron 
increased from 25.4 oC leaf-1 (base temperature 8 oC) at mean daily temperature of 
12.5 oC to 37.1 oC leaf-1 at mean daily temperature of 27.5 oC, but little further 
increase in phyllochron at mean temperature of 32.5 oC, all treatments receiving 6.6 
MJ PAR m-2d-1. The rate of increase between 12.5 and 22.5 OC was similar to that 
shown in Figure 2a. Similarly, data in Fortin et al. (1994) show phyllochron increased 
from 37 to 42 oCd leaf-1 as mean daily temperature increased from 17 to 20.5 oC in 
controlled environments, values that are close to the regression line in Figure 2a. Our 
findings from field experiments were supported the work of Fortin et al (1994) and 
Thiagarajah and Hunt (1982), and by our controlled environment study. In our study, 
phyllochron was related to temperature regime in controlled environments, when 
irradiance was set at predetermined levels (Figure 2a), albeit lower than in the three 
controlled environment studies referred to above, and in field experiments (Figure 
2b).  
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It was not possible to separate the effects of PAR from those of temperature in the 
data we used to derive the regression in Figure 2b, as most of the field experiments 
had mean daily PAR of 9 - 12 MJ m-2 d-1, and thus the effects of irradiance on 
phyllochron in the field experiments we used would have been small (see below). 
However, the regression clearly established that acclimation to  temperature 
conditions during early crop growth largely determined phyllochron. Our results 
supported the acclimation hypothesis of Kirby (1995), and extended its application to 
maize. Presumably hormones are involved in controlling the mechanism of 
acclimation, as suggested for barley by  Kirby (1995). 
 
Modification of phyllochron by mean daily PAR. 
 
Results of our shading trials at Temple and Wageningen and controlled environment 
studies established that phyllochrons increased in low irradiance. Effects of irradiance 
on phyllochron were estimated from the two field experiments with shading and the 
controlled environment studies. Our analysis showed that irradiance modified 
phyllochron response to mean temperature by 2 to 4 oCd per MJ PAR d-1 in maize and 
the one cultivar of sorghum we used at Temple. However, irradiance in the controlled 
environments we used (maximum 3.03 MJ PAR m-2d-1), and in the shading trials, (2.6 
- 4.5 MJ PAR m-2 d-1) was low compared to that experienced by crops grown at 
optimum times (7  to 15 MJ PAR m-2 d-1 (Kiniry et al. 1991)). Irradiance below 3.8 
MJ PAR m-2 d-1 for extended periods occurs only during the winter in temperate 
areas, when temperatures are too low for maize production (Kiniry et al. 1991). Thus, 
care is needed in using controlled environment and field data that had PAR below or 
near the minimum experienced during the maize growing season. The data from the 
field trial showed substantial increase in phyllochron when irradiance was halved 
from about 9 MJ m-2 d-1, but we had no data on lesser reductions to determine whether 
a threshold exists, above which phyllochron is constant, or if the response was 
curvilinear rather than linear used in the regressions presented here. The effects 
appeared  greater at high temperatures (as at Temple, Figure 2a) than at low 
temperatures (controlled environment data, Figure 2a),  suggesting that there may 
have been an interaction of temperature and irradiance. Additional shading 
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experiments in a range of environments are needed to determine whether this 
approach, and thus a single value of adjustment of phyllochron for mean daily PAR 
can be used. Alternatively, there may be sufficient variation to justify use of actual 
daily PAR as the basis of adjustment of phyllochron. Success of such research would 
depend on intensive sampling to determine short term variation in rate of leaf 
appearance.  
 
We were unable to derive a simple relationship that combined the effects of 
temperature and irradiance and which successfully predicted phyllochron in 
independent data sets. The equation with the highest coefficient of determination 
(Equation 4) was derived from controlled environment and shading experiments at 
Wageningen. It failed when assessed with independent field experiments, as it 
produced phyllochrons of between 20 and 30 oCd leaf -1, almost all of which were 
below the observed phyllochrons. Also, as it is an asymptotic equation, it will produce 
the same phyllochron for a wide range of PTC. Another limitation is that the same 
PTC can be produced for a range of values of PAR and daily thermal time. For 
example, the same PTC, and thus phyllochron, will arise from 8 MJ PAR m-2 d -1 and 
12 (oCd) d-1 and 12 MJ PAR m-2 d -1 and 18 (oCd) d-1. For these reasons, the equation 
cannot be adopted as a predictive tool.  
 
We propose that irradiance affects phyllochron through the availability of 
photosynthate for plant growth with production of new leaves being a sink for 
photosynthate. Plants have few reserves of carbohydrate for remobilisation during the 
production of the canopy (Thiagarajah and Hunt 1982). Thus, it was not surprising 
that phyllochron was extended when irradiance is low. Further, photosynthate supply 
for growth processes can be limited at high temperature, due to higher rates of 
respiration, and hence it is likely that longer phyllochron and smaller leaves produced 
at high temperature (Reid et al. 1990) were both explained by limited photosynthate 
availability.  
 
Numerous crop growth processes depend on production of the canopy, e.g. dry matter 
accumulation, water use, and thus water balance in the soil-plant-atmosphere system, 
and crop development until flowering. Both phyllochron and interval for full leaf 
 19
expansion are required for accurate modelling, since the proportion of  leaves that are 
fully expanded varies through the production of the canopy.  Individual leaf area 
depends on leaf position on the plant (Struik 1983b, Carberry et al. 1989, Reid et al. 
1990, Birch et al.1998c), temperature (Reid et al. 1990) and photosynthate supply 
during its expansion (Thiagarajah and Hunt 1982). Thus, accurate prediction of time 
of appearance of individual leaves and duration of production of the canopy 
determine the temperature, radiation and other weather conditions to which the crop is 
exposed. Further, accurate prediction of leaf appearance facilitates the prediction of 
leaf area index, radiation interception and water use, and consequently, soil water 
balance by models such as CERES - Maize and those derived from it, including 
AUSIM-Maize (Carberry and Abrecht 1991), CM-Ken (Keating et al.1991) and the 
modifications proposed by Birch (1996). 
 
CONCLUSIONS 
 
Maize phyllochron showed acclimation to temperature for a short period after 
emergence, similar to wheat and barley. Low  irradiance increased phyllochron in 
maize and in the one cultivar of grain sorghum used at Temple. Phyllochron did  not 
vary greatly among maize cultivars when grown in specific environments. Our 
relationship between phyllochron and mean temperature from emergence to tassel 
initiation, and a coefficient for the effects of irradiance on phyllochron  should 
improve modelling of leaf number during canopy growth, and  thus time of flowering.  
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Table 1. Location and conditions of additional experiments used in this study, and 
phyllochron measured in differing environments. There was one cultivar in the 
first two experiments,  and five (Birch 1996, 1998a) or four (Karanja 1993) at 
Gatton, and four at Guadeloupe. 
 
Author Location Latitude, 
longitude 
and altitude 
of  trial site 
Conditions and  
experimental treatments 
used in this study 
Phyllochron 
(oCd leaf-1) 
Hussen 1995 The 
Netherlands 
51o 58’N 
5o 40’E 
7 m 
Field, cool temperate 25 
Carberry et 
al.1989 
Katherine. 
Australia 
14o28’ S 
132o 18’ E 
Field, tropical 41 
Birch 1996, 
1998a 
Gatton, 
Queensland 
27o 33’ S 
152o 20’ E 
90 m 
Field, sub - tropical,  
7 sowing dates 
Natural and extended 
photoperiod 
40 to 50 
Karanja 
1993 
Gatton, 
Queensland 
27o 33’ S 
152o 20’ E 
90 m 
Field, sub - tropical,  
8 sowing dates 
 
40 to 48 
Bonhomme 
et al. 1991 
Guadeloupe, 
1985 
16o  20’N 
W 
100 m 
Field, 2 sowing dates 40 to 47 
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Table 2. Phyllochron  (oCd leaf-1) from emergence until emergence of the flag leaf in 
maize cultivars Lincoln, LG11 and LG 22.42 (five sowings) and Hycorn 42 (two 
sowing) and for 0 to 200 oCd after emergence and 200 oCd after emergence to the 
appearance of the flag leaf for sowings on 18 April and 6 May 1997, at Wageningen, 
The Netherlands. Base, optimum and maximum temperatures used were 8, 34 and 40 
oC. Standard errors less than ± 5% of the phyllochron, except for Hycorn 42 (±5 to 
±12.5%). 
 
Sowing date Interval 
considered  
Lincoln LG11 LG22.42 Hycorn 42 
18 April 0 + 29.4 33.3 28.6 - 
 0 - 200 29.4 29.4 23.3 - 
 200+ 29.4 38.5 33.3 - 
6 May 0+ 31.3 31.3 28.6 - 
 0 - 200 27.0 27.0 24.4 - 
 200 + 35.7 37.0 30.3 - 
23 May 0+ 29.4 30.3 28.6 - 
3 June 0+ 33.3 33.3 29.4 35.7 
24 June 0+ 32.3 32.3 29.4 33.3 
+ - where shown, means thermal interval is from either emergence (0+) or from the 
thermal time from emergence shown, until the flag leaf first appeared above the 
whorl. With few exceptions, coefficients of determination exceeded 0.95, and those 
that were lower, were above 0.85, except for Hycorn 42 which were lower (>0.70), 
due to slow establishment and poor early plant vigour.  
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Table 3. Phyllochron in two cultivars of maize and one of grain sorghum under full 
sun and two intensities of shading. Coefficients of determination all exceeded 0.95. 
 
Shade  Maize - C41 Maize DK 656 Sorghum - DK 37 
 (a) From emergence to 5 leaf tips visible 
Mean of full sun 
and two shade 
intensities 
45.5 ± 3.1 na* 55.5 ± 3.1 
 (b) From 6 leaf tips visible to termination of trial 
Full sun (9.6 MJ 
PAR m-2 d-1) 
37.0 ± 1.4 40.0 ± 1.6 41.7 ± 1.7 
55% shade (4.3 MJ 
PAR m-2 d-1) 
50.0 ± 2.5 52.6 ± 4.8 55.6 ± 3.1 
73% shade (2.6 MJ 
PAR m-2 d-1) 
58.8 ± 3.5 66.7 ± 5.4 66.7 ± 2.0 
*Excluded due to uneven seedling emergence and poor early vigour in all treatments.
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Table 4. Range of phyllochrons in maize grown under medium (Poza Rica 1995 
(Elings et al. 1997)) or high nitrogen availability and non - limiting water supply at 
three sites in Mexico during 1995 and 1996. 
Site and year  Cultivars Characteristics of site Phyllochron1 
Poza Rica 1995 
 
 
 
 
Tlatlizapan, 
1995 
Pool 16 C20 
PR 8330 
Across 8328 
La Posta Sequia C4 
CML247 x CML 254 
Pool 16 C20 
PR 8330 
Across 8328 
La Posta Sequia C4 
CML247 x CML 254 
Field, tropical lowland, 
wet (summer) season, 
low altitude  
 
 
Field, tropical, mid-
altitude, wet (summer) 
season 
46±2 
40±2 
46±1 
46±6 
46±2 
46±1 
48±1 
45±2 
48±2 
44±2 
Poza Rica, 
1996 
 
 
Tlatlizapan, 
1996 
Pool 16 C20 
La Posta Sequia C4 
CML247 x CML 254 
Pool 16 C20 
La Posta Sequia C4 
CML247 x CML 254 
Field, tropical lowland , 
dry (winter)season  
 
Field, tropical mid-
altitude, dry (winter) 
season 
50±5 
53±8 
50±5 
42±4 
41±2 
40±2 
El Batan, 1996 Pool 16 C20 
PR 8330 
Across 8328 BN C6 
La Posta Sequia C4,  
CML 247 x CML 254 
CML 246 x CML 242 
Field, tropical highland, 
wet (summer) 
season 
35±2 
33±2 
39±2 
40±2 
35±2 
40±5 
1 Coefficients of determination above 0.95, except 0.85 for La Posta Sequia at Poza 
Rica 1996  
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FIG 2a 
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Figure captions 
 
 
Fig. 1. The effect of shading intensity on the number of leaves that have appeared in 
(a) maize, Pioneer C51, (b) maize, De Kalb 656 and (c) Sorghum, De Kalb DK37 
grown at Temple, Texas, against thermal time (base 8 oC) from emergence. 
 
Fig 2. The relationship between phyllochron in maize and daily mean temperature 
from emergence to tassel initiation, or where tassel initiation is unavailable, 
emergence to 200 oCd after emergence in (a) controlled environment studies and field 
experiments with shading and (b) field experiments, treatments without shading. 
Regressions apply only until daily mean temperature reaches 25.5 oC.  
  
